Introduction
============

In both fungal and oomycete pathogens, several biological and ecological characteristics, such as biotrophy, animal and plant parasitism, as well as colonizing terrestrial and marine habitats have evolved in parallel and often multiple times ([@evv162-B28]; [@evv162-B61]; [@evv162-B84]; [@evv162-B44]; [@evv162-B78]). Several studies have been performed for investigating lifestyle signatures in the genomes of plant and animal pathogens of both fungi and oomycetes ([@evv162-B38]; [@evv162-B31]; [@evv162-B4]; [@evv162-B76]; [@evv162-B43]; [@evv162-B51]; [@evv162-B53]; [@evv162-B94]; [@evv162-B72]). These studies provided insights into the adaptation of fungal and oomycete pathogens to necrotrophy ([@evv162-B55]), hemibiotrophy ([@evv162-B87]; [@evv162-B68]), and obligate biotrophy ([@evv162-B4]; [@evv162-B21]). Yet, there are only few studies addressing the consequences of common evolutionary trajectories in fungi and oomycetes with convergent lifestyles ([@evv162-B21]; [@evv162-B60]). In addition, sequencing efforts for basidiomycete pathogens, especially in Ustilaginomycotina have so far been focused on only few related species, which renders comparative analyses difficult.

Many pathogens of the Ustilaginomycotina cause severe diseases to economically important plants ([@evv162-B59]). An example of this is *Ustilago maydis,* the causal agent of maize smut, which is responsible for losses of millions of dollars annually ([@evv162-B7]). Thus it is critical to study the evolution and pathogenicity mechanisms of this group of pathogens, in order to discover ways on how to avoid the negative effects. Genome resources are available for *U. maydis*, which is also a model pathosystem for elucidating the molecular basis of pathogenicity ([@evv162-B38]). Later genome sequencing and comparative genomic analyses were performed within smut pathogens ([@evv162-B92]; [@evv162-B76]; [@evv162-B53]; [@evv162-B72]; [@evv162-B78]); however, all were focused on a single family of the Ustilagnomycotina, the Ustilaginaceae.

*Ceraceosorus bombacis* is a plant pathogen of the Ustilaginomycotina affecting the cotton tree, *Bombax ceiba* ([@evv162-B15]). The pathogen is largely unrelated to the other plant pathogenic genera of the Ustilaginomycotina, which were so far included in genomic studies ([@evv162-B5]).

Most of the pathogenic fungi in the Ustilaginomycetidae switch between two forms; a saprotrophic unicellular yeast growth form and a pathogenic filamentous growth form ([@evv162-B10]). Dimorphism in smut fungi is thus a key feature associated with the switch from saprotrophic to pathogenic growth ([@evv162-B63]; [@evv162-B10]; [@evv162-B75]; [@evv162-B47]). In plant pathogenic Ustilaginomycotina, filamentous growth is needed to invade the host, enabled by the secretion of a plethora of effector proteins into the host. Many such putative secreted effector proteins (PSEPs) have been identified in the genomes of Ustilaginomycotina ([@evv162-B38]; [@evv162-B92]; [@evv162-B76]; [@evv162-B53]; [@evv162-B78]). Genome-wide positive selection studies suggested that the genes encoding for PSEPs are under higher selection pressure than the nonsecreted proteins ([@evv162-B78]).

Genes involved in metabolic pathways have been studied in several fungi ([@evv162-B41]; [@evv162-B21]). Because of the availability of increasing amounts of genomic data for pathogens from different phylogenetic groups, it has become possible to relate the absence or presence of metabolic pathways to their lifestyles. Previous studies have reported the absence of some enzymes that play a key role in the nitrite metabolism in the genomes of animal infecting oomycete pathogens ([@evv162-B36]), and as well as in genomes of obligate biotrophic plant pathogens of fungi ([@evv162-B21]) and oomycetes ([@evv162-B36]). To the best of our knowledge, there are no studies that explicitly address these findings in terms of parallel evolution of different lifestyles in the fungal and oomycete plant and animal pathogens.

Apart from proteins involved in primary metabolism, fungal and bacterial genomes encode for proteins producing a variety of low molecular mass compounds, known as nonribosomal peptides and polyketides ([@evv162-B42]; [@evv162-B11]; [@evv162-B8]). These metabolites are not vital for the growth of these organisms, but are involved in other cellular activities ([@evv162-B42]) and sometimes play an important role in pathogenicity ([@evv162-B81]). Several studies have reported corresponding genes in fungal and bacterial genomes ([@evv162-B17]; [@evv162-B11]; [@evv162-B35]). In Ustilaginomycotina, these genes have not been the subject of detailed analyses, so far, despite their potential role in pathogenicity.

Thus, it was the aim of this study to perform comparative genome analyses in fungal and oomycete pathogens using a set of representative species to unravel common evolutionary trajectories determining metabolic capacities in both primary and secondary metabolism. This includes the prediction of the potentially pathogenicity-related genes for *C. bombacis* and other Ustilaginomycotina pathogens, genome wide positive selection studies on these, the search for core effectors in Ustilaginomycotina genomes, and the screening of fungal and oomycete genomes for common patterns related to their metabolism.

Materials and Methods
=====================

DNA Isolation from Spores and Library Preparation for Genomic Sequencing
------------------------------------------------------------------------

Liquid cultures of *C. bombacis* (strain ATCC 22867) were grown in SAM medium (Agar-Agar 7.5 g/l, Potato Dextrose Broth 7.5 g/l, yeast extract 2.5 g/l, malt extract 2.5 g/l, clarified V8 juice 8 ml/l, rifampicin 15 mg/l) at 25 °C for 4 days. The pellet from 100 ml of the culture was resuspended with 5 ml lysis buffer (10 mM Tris--HCl, pH 8.0, 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid-Na~2~, 1% sodium dodecyl sulfate, 2% Triton X-100) ([@evv162-B34]) and the suspension was transferred to five 2-ml Eppendorf tubes (700 µl each). In addition, 300 µl glass beads and 700 µl phenol/chloroform/isoamylalcohol (PCI; 25:24:1 pH 7.5--8.0) were added to the suspension and vortexed for 15 min. After 2-min centrifugation at 12,000 × g, the supernatant was collected and extracted once again with PCI. The genomic DNA (gDNA) was precipitated by adding two times the volume of the collected supernatant of 100% ice-cold ethanol and 1/10 of the volume of the collected supernatant of a 3 M sodium acetate solution and incubating for 30 min at −20 °C. Finally the DNA was pelleted by centrifugation at 6,000 × g for 10 min at 4 °C, washed with 70% ice-cold ethanol, and dried at room temperature. Tris-EDTA buffer with DNAse-free RNase was used to dissolve the DNA pellet. The quantity of the isolated DNA was evaluated by a Qubit Fluorometer (Invitrogen, Darmstadt, Germany) and its integrity was checked on an 1.5% agarose gel in ultraviolet radiation after staining with ethidium bromide.

RNA Isolation
-------------

RNA was extracted from 100 ml of liquid culture using a NucleoSpin Plant RNA kit (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany) according to the instructions of the manufacturer. The sample cultivation conditions for the RNA isolation are the same as above. The RNA quantity was measured using a Qubit Fluorometer (Invitrogen) and the quality was evaluated on an 1.5% agarose gel under ultraviolet radiation after staining with ethidium bromide.

Processing of Raw gDNA and RNA-Seq Data
---------------------------------------

Sequencing was carried out by a commercial sequencing provider (LGC Genomics). Illumina adapter-clipped and primer-clipped gDNA reads of 300, 600 bp, 3, and 8 kb insert libraries were further processed by quality and length filters using FastQFS ([@evv162-B165]). Reads having an average quality below 26 phred score, a length shorter than 72 bp, and having ambiguous bases were discarded from the analyses.

RNA-Seq data were processed using Trimmomatic v0.32 ([@evv162-B9]) with a quality score threshold of 15 in a window of 5 bases.

Assembly of gDNA, CEGMA Analysis, and Repeat Element Masking
------------------------------------------------------------

Asseblies with the Velvet v1.2.09 short read assembler ([@evv162-B97]) were optimized considering several different *k*-mer lengths and *k*-mer coverage cut-offs. Genome assembly with a *k*-mer length of 69 and the *k*-mer coverage cut-off "auto" generated the best results considering the N50 scaffold size and the size of the largest scaffold. Integrity and completeness of the assembled scaffolds was assessed by using the CEGMA pipeline v2.4 ([@evv162-B69]). Repeat elements were predicted using RepeatModeler v1.0.4 (<http://www.repeatmasker.org/RepeatModeler.html>, last accessed September 16, 2015). RepeatModeler uses RECON ([@evv162-B3]) and RepeatScout v1 ([@evv162-B71]) to perform *de novo* repeat predictions. The latest Repbase library version 20130422 ([@evv162-B37]) was used for reference-based repeat element searches. Tandem repeat elements were predicted using trf ([@evv162-B6]) from within the RepeatModeler pipeline. RepeatMasker (<http://www.repeatmasker.org/>, last accessed September 16, 2015) was used to mask the predicted repeat elements.

Gene Prediction, Annotation, and Expression Value Calculation
-------------------------------------------------------------

Gene model prediction was done using both ab initio-based methods and RNA-Seq-derived transcript mapping onto the assembled genome ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online), as described before ([@evv162-B77]). For *ab initio*-based methods, gene models were predicted using both GeneMark-ES v2.3 ([@evv162-B12]) and Augustus v2.7 ([@evv162-B80]). GeneMark-ES was run on the repeat masked genome. Predicted coding sequences (CDS) from GeneMark-ES were then used for RNA-Seq mapping to generate a training set for Augustus. For this purpose, CDS and 100 bp both upstream and downstream of the predicted CDS coordinates were extracted and RNA-Seq reads were mapped using Bowtie2 v2.1.0 ([@evv162-B52]). Only those gene models were used for Augustus training that were having a more than 10-fold coverage. To generate intron/exon hint files for Augustus, Tophat2 v2.0.10 ([@evv162-B46]) was used to map RNA-Seq reads on the repeat-masked genome. This mapping file was further processed by Samtools v0.1.18 ([@evv162-B56]) to generate final intron/exon hints. Using the training set and the intron/exon hint file Augustus v2.7 was run on the genome scaffolds.

In addition, gene models were predicted using PASA r2013-09-07 ([@evv162-B29]) and GMAP r2013-11-27 ([@evv162-B91]). Transcripts generated using Cufflinks v2.1.1 ([@evv162-B86]) were aligned to the genome. All four gene models were subjected to EVidenceModeler r2012-06-25 ([@evv162-B30]), to generate consensus gene models. A high weightage of 5 was given to transcript-mapping gene model predictions, whereas a value of 1 was assigned to ab initio-based predictions. In a second round of gene prediction, Tophat2 mapping was done on the repeat and gene-masked genome and a transcript file was generated using Cufflinks. Intron--exon boundaries were defined using the Transdecoder package r2013-11-17 (<http://transdecoder.sourceforge.net/>, last accessed September 16, 2015) ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online). After generating the final set of genes, the Cufflinks tool was used for the calculation of gene expression values, using RNA-Seq, in terms of fragments per kilobase of exon per million of fragments mapped (FPKM). FPKM values for the PSEP-encoding genes were also calculated. Genes that were having an FPKM value greater than or equal to 1 have been reported in this study.

Functional Annotation of the Proteome
-------------------------------------

Functional analyses of the predicted protein sequences were done using the BLAST2GO ([@evv162-B14]) annotation package. The whole set of protein sequences was also aligned against eukaryotic orthologous group (KOG) sequences ([@evv162-B48]) by using an *e*-value cut-off of e^-5^ in BLASTP 2.2.28+ ([@evv162-B1]). KEGG ([@evv162-B39]) analysis was performed using the online KAAS server ([@evv162-B64]) and functional assignments were done using the KO file distributed from the KEGG webpage. Panther protein family analyses were performed locally by using Panther v1.03 ([@evv162-B62]) and the data version of PANTHER 9.0. Protein sequences were clustered by using SCPS v0.9.8 ([@evv162-B67]) with TribeMCL ([@evv162-B25]) on the predicted proteome.

Secretome Prediction
--------------------

Protein sequences with a secretion signal were predicted using SignalP v4.1 ([@evv162-B70]). Those sequences which were having cleavage site beyond the 40th amino acid position were not considered. These predictions were further refined using TargetP v1.1 ([@evv162-B24]). Only those proteins with a secretion signal according to TargetP v1.1 were kept, those which were predicted to be targeted to mitochondria were discarded. For further refinement, transmembrane domains were predicted using TMHMM v2.0c ([@evv162-B49]). Only those proteins were kept which were predicted to have at most one transmembrane domain, all others were discarded from the secretome set.

KEGG Pathway Analysis
---------------------

KEGG pathway analyses were done by using the KAAS online server applying bidirectional testing. The list of resulting protein ids with KO ids was processed to assign pathways and EC numbers using perl scripts. Protein sequences of all other species included in this study were also analyzed using the KAAS server and the presence and absence of pathways were tested using shell and perl scripts.

Panther Protein Family Analyses for Under- and Overrepresentation of Protein Families
-------------------------------------------------------------------------------------

Panther protein family analyses were done by running Panther locally on all protein sequences of six genomes using an *e*-value cut-off of e^−5^. Protein ids associated with a Panther id were uploaded to the panther server (<http://www.pantherdb.org/>, last accessed September 16, 2015) for analyzing under- and overrepresentation of protein families. Multiple hypothesis testing was done using Bonferroni corrections (BC) as in [@evv162-B55].

Prediction of Orthologous Genes
-------------------------------

OrthoMCL v2.0.3 ([@evv162-B57]) was run to identify orthologs and paralogs within the six genomes. As in a previous study ([@evv162-B78]), the OrthoMCL parameters "percentMatchCutoff" and "evalueExponentCutoff" were assigned a value of 50% and e^−5^, respectively. The output files generated by OrthoMCL were processed by using perl and shell scripts. The 1:1 orthologs were extracted from the list of orthologous gene groups. Orthologs present in the six genomes in terms of PSEPs were extracted and functional annotations were done using Panther, Gene Ontology (GO), and Interproscan v5.3-46.0 ([@evv162-B73]) outputs. Orthologs present in the five plant pathogens but absent in *Malassezia globosa* were extracted in addition and functional annotations were done as discussed above.

Phylogenomic Analyses
---------------------

Phylogenomic analyses were performed considering the six smut genomes and including *Saccharomyces cerevisiae* as an outgroup. Orthologous genes were predicted using protein sequences of all six species (as described above) and 1:1 orthologs were extracted for multiple sequence alignments. Mafft (Katoh and Standley 2013) v6.903 was used with the G-INS-i algorithm, to perform multiple sequence alignments. Alignments were concatenated using perl scripts. Maximum-likelihood phylogenetic inference was done using RAxML (Stamatakis 2006) v7.3.0 with 1,000 bootstraps replicates with the GTRGAMMA model.

Genes Involved in the Dimorphic Switch from Yeast to Filamentous Growth
-----------------------------------------------------------------------

Genes involved in the dimorphic switch from yeast to filamentous growth were predicted using orthology information generated by OrthoMCL. Genes which could not be assigned using orthology information were further searched using BLASTP and tBLASTn alignments by using an *e*-value cut-off of e^−10^.

Secondary Metabolism Genes Prediction
-------------------------------------

Genes involved in secondary metabolism were predicted using SMURF ([@evv162-B45]). Domains of polyketide synthase (PKS) genes were further investigated by using InterPro domain information generated from BLAST2GO. These methods were performed on all six genomes analyzed in this study. The resulting PKS and nonribosomal peptide synthetases (NRPS) genes were aligned using MAFFT ([@evv162-B40]) v6.903 with the G-INS-i algorithm and RAxML ([@evv162-B79]) v7.3.0 was used for maximum-likelihood phylogenetic inference with 1,000 bootstrap replicates and the GTRGAMMA as substitution model.

Positive Selection Analyses
---------------------------

Positive selection analyses were performed considering the 1:1 orthologs among the six smut genomes. RAxML was used for generating a phylogenetic tree based on concatenated multiple sequence from the six smut genomes alignments of 1:1 orthologous sequences, which were done using MAFFT. Prank v.121002 ([@evv162-B58]) codon alignments were performed on all 1:1 orthologous genes, omega values were calculated using the Codeml module of the PAML package, v4.8 ([@evv162-B93]). The branch-site model ([@evv162-B98]), using test2 as outlined in the PAML manual was used to compare null and alternate hypotheses. In the branch-site model, positively selected branches (selection test among lineages) and sites (selection estimation at codon level within a protein sequence) were estimated by marking one branch as foreground and other five as background. This analysis was performed for all the six branches of the phylogenetic tree. Statistical testing was performed by applying a likelihood ratio test (LRT) ([@evv162-B2]) at a 5% level of significance. Multiple hypothesis testing was done by conducting BC and false discovery rate (FDR) tests, both at a 5% level of significance. Only those genes were considered under positive selection, which had at least one site under selection with ≥95% Bayes Empirical Bayes (BEB) confidence at less than 5% FDR.

Functional annotations and protein family analyses of the positively selected genes were performed using Pfam r27.0 ([@evv162-B27]), InterProScan, and Panther.

Data Access
-----------

Sequences of all libraries of gDNA have been submitted to the European Nucleotide Archive (ENA) database (Study accession number PRJEB6935). The four genomic read libraries can be accessed from ENA under the accession numbers ERR583964--ERR583967. The RNA-Seq library can be found under the ENA accession number ERR583968. The assembled genome and gene models of *C. bombacis* have been filed under the accession numbers CCYA01000001--CCYA01000485. Genomic sequences and other related files are also accessible from our local server: dx.doi.org/10.12761/SGN.2015.6 (last accessed September 16, 2015).

Results
=======

Genome Assemblies
-----------------

In this study comparative genome analyses in Ustilaginomycotina were performed using the genome of *C. bombacis*, reported in this study, together with five additional representative smut genomes. These were the genomes of the human skin pathogen *M. globosa*, the smut fungi parasitizing maize, *Sporisorium reilianum* and *U. maydis*, the barley smut pathogen *Ustilago hordei* and the dicot-infecting *Melanopsichium pennsylvanicum*. The genome of *C. bombacis* was assembled in 485 scaffolds, with a total assembled genome size of 26.09 Mb. The *N*~50th~ scaffold size was 819.82 kb and longest scaffold was 1.61 Mb in length. To assess the quality of the assembled genome of *C. bombacis*, *N*-classes were generated from *N*~10~ to *N*~100~. The number of scaffolds and length of each *N*-class were calculated and plotted to illustrate the quality of the genome assemblies ([fig. 1](#evv162-F1){ref-type="fig"}*A*). CEGMA revealed 93.95% of complete gene mapping, using 258 core eukaryotic genes. Genomes of *M. globosa*, *Me. pennsylvanicum, Sp. reilianum*, *U. hordei* and *U. maydis* had values of 96.77%, 97.18%, 97.98%, 97.18% and 97.98%, respectively. Repeat elements made up for a total of 558.54 kb (2.14%) and were masked for further genome analyses. The repeat content of the genomes of *M. globosa*, *Me. pennsylvanicum, Sp. reilianum*, *U. hordei* and *U. maydis* is 1%, 3%, 1%, 8% and 1%, respectively. F[ig]{.smallcaps}. 1.---Genome assembly quality assessment and orthology analyses. (*A*) Genome assembly quality was assessed by calculating the number of scaffolds and length of the smallest scaffold of each N-class from N10 to N100. Each N-class was defined by considering the percentage of genome covered by sorting the assembled scaffolds from largest to smallest. Numbers on the line plot represent the number of scaffolds in each N-class. (*B*) Orthology analyses were performed considering all protein-coding genes and PSEP-encoding genes in the genomes of *C. bombacis, M. globosa*, *U. hordei*, and *U. maydis*. Numbers in parentheses represent the total number of protein-encoding genes predicted in these genomes. Orthologs have been represented considering all genes/PSEP-encoding genes. Orthology analyses of PSEP-encoding genes were performed by running OrthoMCL on the PSEP-encoding genes of all four genomes.

A total of 8,024 protein-coding genes were predicted in the genome of *C. bombacis*, out of which 576 were predicted as PSEP-encoding genes. FPKM values of all protein-encoding genes and PSEP-encoding genes were calculated. A total of 20.73 % and 14.23% of all protein-encoding genes ([supplementary file S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online) and PESP-encoding genes ([supplementary file S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online), respectively, were having FPKM values equal to or greater than 1. The genomes of *M. globosa*, *Me. pennsylvanicum, Sp. reilianum*, *U. hordei* and *U. maydis* encode for 4,286, 6,280, 6,673, 7,111 and 6,787 protein-encoding genes, respectively. Applying the same PSEP-encoding genes finding methods as for *C. bombacis* on other sequenced genomes resulted in the prediction of 193, 394, 535, 461 and 536 PSEP-encoding genes in the genome of *M. globosa*, *Me. pennsylvanicum*, *Sp. reilianum*, *U. hordei* and *U. maydis*, respectively.

Genes Potentially Involved in Pathogenicity
-------------------------------------------

Putative pathogenicity-related genes have been reported in all available Ustilaginomycotina genomes ([@evv162-B92]). Generally these play a key role during the host colonization and actively interact with the host proteins during host--microbe interactions. For the comparison of these genes from *C. bombacis* with those of other Ustilaginomycotina, a functional annotation of the PSEP-encoding genes was performed in this study ([table 1](#evv162-T1){ref-type="table"}). These findings suggest that the *C. bombacis* genome encodes the highest number of pathogenicity-related genes compared other smut fungi, even though the overall amount is still similar ([table 1](#evv162-T1){ref-type="table"}). *Malassezia globosa* has a much smaller secretome than other Ustilaginomycetidae and does not have a gene encoding for Cutinase, which is present in the plant pathogenic smut fungi. As expected, no pectin esterase-encoding gene was found in the genome of *M. globosa*, whereas all sequenced plant-infecting species encode this gene. Table 1Candidate Pathogenicity-Related Genes in the Six Smut Genomes*Ceraceosorus bombacisMalasseziaglobosaUstilagomaydisSporisoriumreilianumUstilagohordeiMelanopsichiumpennsylvanicum*ATP-binding cassette (ABC) transporter[^a^](#evv162-TF1){ref-type="table-fn"}1513**22**191819Protease inhibitor[^a^](#evv162-TF1){ref-type="table-fn"}323**444**Phospholipase[^a^](#evv162-TF1){ref-type="table-fn"}**13**81112**13**12Lipase[^a^](#evv162-TF1){ref-type="table-fn"}**33**17**3333**3132Cysteine protease inhibitor[^a^](#evv162-TF1){ref-type="table-fn"}00**1111**Serine protease[^a^](#evv162-TF1){ref-type="table-fn"}**54**2651**54**4746Aspartic protease[^a^](#evv162-TF1){ref-type="table-fn"}13**21**11101010Glycosyl hydrolases[^b^](#evv162-TF2){ref-type="table-fn"}281027**31**2823Cutinase[^c^](#evv162-TF3){ref-type="table-fn"}30**4**322Pectin esterase[^c^](#evv162-TF3){ref-type="table-fn"}**2**01111Cytochrome P450s[^c^](#evv162-TF3){ref-type="table-fn"}**22**621161513Pectin lyase fold/virulence factor[^c^](#evv162-TF3){ref-type="table-fn"}424**5**44[^3][^4][^5]

For linking the presence or absence of certain pathogenicity-related genes with the lifestyle of oomycete and fungal pathogens, several sequenced genomes of fungal and oomycete were investigated with respect to their pathogenicity-related genes. Oomycete and fungal pathogens tested in this study have been listed in the [supplementary file S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online. Similar to the animal-infecting species *M. globosa*, cutinase and pectin esterase were absent in the genome of the oomycete fish pathogen *Saprolegnia parasitica*, as reported before ([@evv162-B36]). Even though *M. globosa* encodes less than the half of PSEPs compared with other smut genomes, it encodes the highest number of Aspartic proteases. Likewise, the highest number of Aspartic proteases was predicted in the genome of *Sap. parasitica* in comparison to plant-infecting oomycetes. Expansion of kinases has been demonstrated in the genome of *Sap. parasitica* over the other oomycete pathogens ([@evv162-B36]). Such an expansion of kinases was not observed in the genome of *M. globosa* in comparison to the plant pathogen of this subphylum.

Protein Family Under- and Overrepresentation
--------------------------------------------

The two members of the Exobasidiomycetes s.l., *C. bombacis*, which is a plant pathogen, and *M. globosa*, which is an animal pathogen, were investigated for protein family under- and overrepresentation. As the hosts are highly divergent, such analyses can provide insights into the enrichment or depletion of certain PSEP-encoding genes between these two genomes. These analyses revealed that the PSEP-encoding genes involved in carbohydrate, polysaccharide, and cellular amino acid metabolic processes are overrepresented in the genome of *C. bombacis*, but PSEP-encoding genes involved in protein-related processes are underrepresented in the genome of *C. bombacis* ([table 2](#evv162-T2){ref-type="table"}). In terms of PANTHER protein classes, glycosidase, serine proteases, esterases, and hydrolase are overrepresented in PSEP-encoding genes of *C. bombacis* in comparison to *M. globosa*. However, genes for aspartic proteases are underrepresented in the genome of *C. bombacis*. GO molecular function analyses confirmed that PSEP-encoding genes involving aspartic-type endopeptidase activity are underrepresented in the genome of *C. bombacis* ([table 2](#evv162-T2){ref-type="table"}). Table 2Candidate Secreted Pathogenicity-Related Genes---Under- and Overrepresentation*Malassezia globosaCeraceosorus bombacis*Expected+/−*P*-valueCarbohydrate metabolic process4236.18+1.36E-05Polysaccharide metabolic process181.55+3.28E-02Protein metabolic process404361.82−3.01E-01Cellular amino acid metabolic process161.55+8.59E-01Serine protease2173.09+3.58E-06Esterase181.55+3.37E-02Hydrolase336851+7.39E-01Aspartic protease15923.18−6.97E-02Serine-type peptidase activity2173.09+3.14E-06Aspartic-type endopeptidase activity15923.18−6.12E-02

Orthology Analyses
------------------

Orthology analyses were carried out for examining the presence and absence of orthologous genes, in particular PESP-encoding genes, among the genomes of Ustilaginomycotina pathogens. PSEP-encoding genes are often fast-evolving to adapt to changes in the targets they are operating. However, there might be some core effectors that are the hallmark of an entire group of pathogens and which are crucial for pathogenicity ([@evv162-B78]). Doing such analyses on the genomes of two Exobasidiomycetes s.l., and two Ustilaginomycetes it was revealed that the genomes of *C. bombacis,M. globosa, U. hordei* and *U. maydis* share 3,008 orthologs, out of which 36 are genes encoding for secreted proteins ([fig. 1](#evv162-F1){ref-type="fig"}*B*), which for consistency are here referred to as PSEPs, even though the authors are aware that several of these proteins might only be important for acquiring nutrients in the yeast stage. Similar analyses were performed considering two additional members of the Ustilaginomycotina. These analyses revealed that the six genomes share 2,942 orthologs, out of which 30 were PSEP-encoding genes ([supplementary file S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online). Functional annotation of these suggest that the majority of these genes are genes encoding for enzymes such aspartic peptidase, glycoside hydrolase, and thioredoxin/protein disulfide isomerase ([supplementary file S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online), which might contribute to nutrient acquisition in the yeast stage.

Orthologs that are present in the plant pathogens but absent in *M. globosa* were also assessed. These investigations revealed 1,152 orthologs absent in *M. globosa* out of which 53 were PSEP-encoding genes ([supplementary file S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online). Functional annotations using Pfam, Interpro, and Panther analyses of these 53 genes revealed that the majority of these genes are hypothetical proteins, but another larger fraction is predicted to be involved in the breakdown of carbohydrates ([supplementary file S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online). Orthology analyses revealed the presence of all RNA interference (RNAi) genes in the genome of *C. bombacis* ([supplementary file S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online). Consistent with the previous studies, RNAi-related genes were not found in the genomes of *U. maydis* ([@evv162-B53]) and *M. globosa* ([@evv162-B92])*.*

Phylogenomic Analysis
---------------------

Extensive phylogenetic work has been performed to infer the phylogenetic relationships of the Ustilaginomycotina, but the majority of these studies was based on a handful of genes only ([@evv162-B5]). For elucidating the phylogenetic relationships using all 1:1 orthologous genes among these pathogens, genome-wide orthology and phylogenetic analyses were carried out in this study. A total of 1,629 1:1 orthologs were identified among seven genomes, including *S. cerevisiae* as an outgroup. These analyses inferred a sister-group relationship of *U. maydis* and *Sp. reilianum* with maximum support, as did the sister-group relationship of *U. hordei* and *Me. pennsylvanicum* ([fig. 2](#evv162-F2){ref-type="fig"}). These four species were grouped together with maximum support. *Cereceosorus bombacis* was the next-diverging lineage and *M. globosa* was placed basal to all five plant pathogenic smut fungi investigated. F[ig]{.smallcaps}. 2.---Phylogenetic relationships among the six Ustilaginomycotina pathogens. Phylogenetic tree based on alignments of all 1,629 1:1 orthologs as inferred by maximum-likelihood analysis using RAxML. Support values from bootstrap replicates are indicated on the branches.

Genes Involved in the Dimorphic Switch from Yeast to Hyphal Growth
------------------------------------------------------------------

Most Ustilaginomycotina species have the capability to switch from yeast to hyphal growth, known as dimorphic switch. This transition is often associated with the transition from saprotrophic to pathogenic growth. The six Ustilaginomycotina genomes were scanned for the genes involved in the dimorphic switch, using the genes of *U. maydis* as a reference. Even though the type strain of *C. bombacis* grew hyphal, the genome contains all key genes involved in the dimorphic switch that have been identified in *U. maydis*. The same methods were applied to identify these genes in other pathogens ([supplementary file S7](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online), interestingly, *Prf1* (Pheromone response factor) and *Rop1* (Rhoptry protein 1) could not be identified in *M. globosa* suggesting an impairment in filamentation in this animal pathogen.

Conservation of Validated Secreted Effectors
--------------------------------------------

In this study, sequences of several validated *U. maydis* effectors were searched within the five other Ustilaginomycotina genomes, with the aim of understanding the evolutionary history of these effector proteins. Past studies have reported that *Pep1* (protein essential during penetration-1) of *U. maydis* plays a vital role during plant--microbe interaction, being crucial for the penetration into the maize epidermis ([@evv162-B18]). In this study, the six smut genomes were investigated for the presence of *Pep1* orthologs. *Pep1* could not be found in the genomes of *C. bombacis* and *M. globosa*, but were present in the other smut genomes investigated, in line with previous investigations ([@evv162-B78]; [@evv162-B32]). The *Tin2* effector of *U. maydis* triggers the activation of the ZmTTK1 kinase in maize, which further affects anthocyanin biosynthesis ([@evv162-B83]). An orthologous gene of *U. maydis Tin2* is present in *Sp. reilianum* (*sr10057*), but only absent in the other smut genomes investigated.

Comparative analyses revealed the absence of a sucrose transporter (*Srt1*), which is localized in the host plasma membrane, in the genome of *M. globosa*. However, the *U. maydis Srt1* gene *um02374* ([@evv162-B88]) has orthologs in all plant pathogenic smuts investigated. Similar analyses considering the *O*-mannosyltransferase *Pmt4* gene of *U. maydis* ([@evv162-B26]) revealed orthology in all plant pathogens ([supplementary file S8](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online).

The conservation of the *U. maydis Pit* cluster ([@evv162-B19]) was checked in other pathogen genomes. Interestingly, orthologous genes of all four genes of the *Pit* cluster were found only in *Me. pennsylvanicum* and *U. hordei.* In the genome of *Sp. reilianum*, an ortholog of *Pit2*, which encodes a secreted protein, could not be found using orthology searches. However, further analyses suggested the presence of *Pit2* in the *Pit* cluster of *Sp. reilianum* with high sequence divergence compared with to *Pit2* genes of other smut fungi, suggesting a high evolutionary pressure on this gene in this species; however, positive selection analyses did not reveal a signature of selection pressure on this gene. Only *Pit3* of the *Pit* cluster could be found in *C. bombacis* and *M. globosa* ([fig. 3](#evv162-F3){ref-type="fig"}). F[ig]{.smallcaps}. 3.---Conservation of the *U. maydis Pit* (proteins important for tumors) cluster. (*A*) Conservation of the *U. maydis Pit* cluster was tested within all six pathogen genomes. The *Pit* cluster is composed of four genes in total; out of these four genes two genes (*Pit2* and *Pit4*) are predicted to be PSEP-encoding genes. (*B*) Phylogenetic trees representing the divergence of *Pit* genes. The phylogenetic inference using the maximum-likelihood algorithm was calculated using RAxML. Numbers represent bootstrap support values from 1,000 bootstrap replicates. (*C*) Multiple sequence alignments of *Pit2* of the four Ustilaginaceae pathogen genomes. The *Pit2* gene was found conserved in four smut genomes; however, *Pit2* of *Sp. reilianum* showed a high sequence divergence and was therefore not predicted as an ortholog.

*Hum3* and *Rsp1* of *U. maydis,* which are known to have an essential function during the pathogenic development ([@evv162-B65]), have no orthologous genes in the genome of *C. bombacis* and *M. globosa*; however, orthologs of these genes were present in the other three smut pathogen genomes ([supplementary file S8](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online).

Positive Selection Analyses
---------------------------

The survival of the fittest, a process often referred to as natural "selection", leads to the diversification of organisms and the fixation of mutations that are beneficial for the genome in which they are present ([@evv162-B89]; [@evv162-B16]). This process also plays a key role during the evolutionary adaptation of pathogens ([@evv162-B43]; [@evv162-B20]; [@evv162-B78]). For unravelling the patterns of positive selection in the evolution of Ustilaginomycotina pathogens, genome-wide positive selection analyses were carried out among the six genomes. The codeml module of the PAML package was used for the prediction of positively selected lineages and protein sites. These analyses revealed the highest percentage of positively selected genes in the genome of *Me. pennsylvanicum* ([fig. 4](#evv162-F4){ref-type="fig"}*A*), but with respect to PSEP-encoding genes, *C. bombacis* showed the highest percentage of genes selected, outranging the dicot-infecting smut *Me. pennsylvanicum* ([fig. 4](#evv162-F4){ref-type="fig"}*B*). Generally, PSEP-encoding genes had a higher proportion of positively selected genes than proteins predicted not to be secreted and thus in less intimate contact with the host environment. Positively selected PSEP-encoding genes of the six species are listed in the [supplementary file S9](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online. Category enrichment analyses gave no statistically supported results, due to the high proportion of unannotated positively selected PSEP-encoding genes. However, Panther and GO annotations ([supplementary file S9](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online) suggest that protease-encoding genes are under comparatively high selection pressure. F[ig]{.smallcaps}. 4.---Positively selected genes within Ustilaginomycotina. (*A*) Percentage of positively selected genes among the six genomes. Statistical significance was inferred by LRT, FDR, and BC. All tests were done at a 5% level of significance and only those genes with at least one positively selected site with a BEB confidence ≥95% were considered. (*B*) Comparisons of positively selected non-PSEP-encoding genes and PSEP-encoding genes. Only those genes were considered which were having at least one positively selected site with a BEB confidence ≥95% and a FDR at a 5% level of significance.

Genes Involved in Secondary Metabolism
--------------------------------------

Secondary metabolites can be key factors in pathogenicity and previous studies have revealed the presence of genes encoding for proteins involved in secondary metabolite production, such as polyketides and nonribosomal proteins in fungal genomes ([@evv162-B92]; [@evv162-B90]). Evolutionary studies of such genes in pathogens are so far largely limited to ascomycetes. To fill this knowledge gap, the six Ustilaginomycotina genomes were scanned for genes involved in secondary metabolism. The genome of *C. bombacis* encodes five PKS-like genes ([table 3](#evv162-T3){ref-type="table"}). Out of these five PKS-like genes, three have a ketosynthase (KS), an acyltransferase (AT), and an acyl carrier protein (ACP) domain, essential for the functioning of classical PKSs ([fig. 5](#evv162-F5){ref-type="fig"}*A*). Out of these three PKSs, two have a ketoreductase (KR) domain and one is featuring both a dehydratase (DH) and a KR domain. Similar analyses on other Ustilaginomycetidae genomes show that *M. globosa* genome encodes only one classical PKS, proteins with an enoylreductase (ER) and proteins with a KR domain. The Ustilaginales plant pathogens including *Me. pennsylvanicum*, *Sp. reilianum*, *U. hordei* and *U. maydis* encode three, three, three and five PKS-like proteins, respectively. F[ig]{.smallcaps}. 5.---Secondary metabolism. (*A*) Numbers of proteins featuring the PKS domains KS, AT, ACP, KR, DH, and ER. *Cb*, *Mg, Mp*, *Sr*, *Uh* and *Um* represent the presence of a respective domain combination in the genomes of *C. bombacis, M. globosa*, *Me. pennsylvanicum*, *Sp. reilianum*, *U. hordei* and *U. maydis*, respectively. Number in bold represents the total number of PKS and PKS-like protein-encoding genes. (*B*) Orthology and phylogenetic tree of PKS and PKS-like genes of all six species. Gray shading indicates orthologs. Phylogenetic analysis was conducted using maximum-likelihood inference as implemented in RAxML with 1,000 bootstrap replicates; support values are indicated on the branches. (*C*) Phylogenetic analyses conducted by including NRPS and NRPS-like genes of all six pathogens. (*D*) Phylogenetic tree based on all genes with an ER domain as well as their orthologs in other genomes. Proteins with an ER domain have been represented in blue font. Table 3Number of Genes Encoding Secondary Metabolite SynthasesDMATNRPSPKS*Ceraceosorus bombacis*27(2)5(3)*Malassezia globosa*13(1)1(1)*Melanopsichium pennsylvanicum*15(1)3(2)*Sporisorium reilianum*26(2)3(2)*Ustilago hordei*07(3)3(2)*Ustilago maydis*29(3)5(3)[^6]

Phylogenetic inference and orthology studies suggest that two of the three PKS genes (both with a KR domain) of *C. bombacis* do not have any orthologous gene in the other five genomes ([fig. 5](#evv162-F5){ref-type="fig"}*B*). One PKS, which has both a DH and a KR domain, has an orthologous gene only in *M. globosa*. The PKSs of *Me. pennsylvanicum*, *Sp. reilianum*, *U. hordei* and *U. maydis* are orthologous to each other ([fig. 5](#evv162-F5){ref-type="fig"}*B* and *C*).

Interestingly, 24 and 23 genes in the two dicot-infecting Ustilaginomycotina, *C. bombacis* and *Me. pennsylvanicum*, encode for proteins carrying only an ER domain ([fig. 5](#evv162-F5){ref-type="fig"}*A*). Orthologs of these proteins predicted by OrthoMCL were detected in the genomes of the other pathogens, which are parasitic to monocots, but none of these features an ER domain according to Interpro domain searches ([fig. 5](#evv162-F5){ref-type="fig"}*D*).

KEGG Pathway and Protein Family Comparisons
-------------------------------------------

KEGG pathway analyses were carried out for evaluating the presence and absence of pathways within the genomes of fungal and oomycete pathogens. The aim of these analyses was to link the presence and absence of such pathways to the lifestyle of a particular pathogen. By this common evolutionary trajectories of phylogenetically distant pathogens with similar lifestyles can be investigated. Enzymes which play a key role in nitrogen and sulfur metabolism were searched for in the genomes of six Ustilaginomycotina genomes, and the genomes of several other pathogens, representing different phylogenetic groups in fungi and oomycetes ([supplementary file S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online).

It was revealed that all fungal biotrophic non-obligate plant pathogens are having all five genes involved in nitrogen metabolism ([fig. 6](#evv162-F6){ref-type="fig"}*A*). Nitrite reductase was not present in any of the hemibiotrophic *Phytophthora* spp. genomes, whereas the remaining four enzymes of the corresponding pathway were present. Similarly, the nitrite reductase-encoding gene was also absent in all fungal hemibiotrophic pathogens included. Also, obligate biotrophic pathogen genomes from both fungi and oomycetes lack the genes encoding for nitrite (all) and nitrate (with the exception of *Melampsora laricis-populina*) reductase. Interestingly, both fungal and oomycete animal nonobligate pathogen genomes lack both nitrate and nitrite reductase-encoding genes. F[ig]{.smallcaps}. 6.---Nitrogen and sulfur metabolism pathways within fungal and oomycete pathogens, adapted from [@evv162-B36]. Nitrogen (*A*) and sulfur (*B*) metabolism pathway genes were predicted with the fungal and oomycete plant and animal pathogens in relation to the lifestyle of these pathogens.

Similarly, key enzymes required for sulfur metabolism were also searched for. It was revealed that the genomes of oomycete animal pathogens and oomycete obligate biotrophic plant pathogens lack a sulfite reductase ([fig. 6](#evv162-F6){ref-type="fig"}*B*). In contrast to this, all key genes required for sulfur metabolism were present in the genomes of fungal animal and fungal obligate biotrophic plant pathogens ([fig. 6](#evv162-F6){ref-type="fig"}*B*). All investigated fungal and oomycete hemibiotrophs harbor all essential genes for the sulfur metabolism.

Discussion
==========

General Genome Characteristics
------------------------------

Extensive comparative genomic studies have been conducted on plant pathogens of the Ustilaginomycetes ([@evv162-B38]; [@evv162-B92]; [@evv162-B76]; [@evv162-B72]; [@evv162-B78]). But these comparative studies were limited to the crown group of smut fungi, the Ustilaginaceae. Moreover, several evolutionary studies of plant and animal pathogens were focused either on certain pathogenic lineages, that is, oomycetes ([@evv162-B31]; [@evv162-B4]; [@evv162-B55]) or on fungi ([@evv162-B38]; [@evv162-B92]; [@evv162-B76]; [@evv162-B72]; [@evv162-B78]), or were limited to certain lifestyles ([@evv162-B60]). Thus, this study was performed to investigate patterns of parallel evolution resulting from common evolutionary trajectories across several lifestyles. As there was no genome available for an early diverging plant pathogenic member of the Ustilaginomycotina, the genome of *C. bombacis*, a member of the Exobasidiomycetes, has been sequenced.

With 26.09 Mb the assembled genome size of *C. bombacis* is bigger than that of other Ustilaginomycotina. However, the genome of *C. bombacis* contains less repeat elements than *U. hordei* ([@evv162-B53]) and *Me. pennsylvanicum* ([@evv162-B78]). The genome of *C. bombacis* encodes for slightly higher number of protein-encoding genes in comparison to the other sequenced members of Ustilaginomycotina. Notably, the genome of *M. globosa* contains the lowest number of protein-encoding genes in comparison to the sequenced Ustilaginomycotina genomes, with only 53% of the amount of protein-encoding genes as compared with *C. bombacis*. The low amount of protein-coding genes is probably a result of the loss of genes required for plant pathogenicity after the jump to an animal host, but most likely also additionally affected by the loss of the hyphal stage. However, this hypothesis can only be tested with the availability of more genomic sequences of the Exobasidiomycetes s.l. and Malasseziales.

The genome of *C. bombacis* harbors all genes that play a key role in the RNAi. Such genes were absent in the genomes of *M. globosa* ([@evv162-B92]) and *U. maydis* ([@evv162-B54], [@evv162-B53]), suggesting that this mechanism is not dispensable in *C. bombacis*.

Phylogenomic Analyses
---------------------

Many phylogenetic studies using internal transcribed spacer (ITS), large ribosomal subunit (LSU), and a few protein sequences have been performed to study the phylogeny of Ustilaginomycotina ([@evv162-B82]; [@evv162-B5]; [@evv162-B92]). In this study, maximum bootstrap support for a sister-group relationship of *U. maydis* and *Sp. reilianum* was observed for the first time. Also the sister-group relationship of *U. hordei* and *Me. pennsylvanicum* received maximum support, highlighting the difficulties of the current generic concept in the Ustilaginaceae. *Ustilago hordei*, the type species of the genus, is more closely related to *Me. pennsylvanicum* than to *U. maydis* ([@evv162-B5]; McTaggert et al. 2012). The latter species is possibly more closely related to *Sporisorium sorghi*, the type species of *Sporisorium*, and to *Sp. reilianum* than to *U. hordei* ([@evv162-B5]; [@evv162-B164]). This leaves the possibility to transfer *U. maydis* to the genus *Sporisorium*, which is however undesirable, because *U. maydis* is the most widely known smut fungus and the combination *Sporisorium maydis* would not even be available, as an arguably *Aspergillus*-like fungus has been described as *Sp. maydis* in the 19th century ([@evv162-B13]). Detailed taxonomic studies have to reveal, whether the name *U. maydis* should be retained in the future.

Genes Involved in Yeast--Filament Transition
--------------------------------------------

Dimorphism is very common in fungal pathogens and a switch from yeast to filamentous growth is often needed for their pathogenicity. Many studies have reported and discussed the genes involved in this switching of unicellular to multicellular forms of fungal pathogens ([@evv162-B10]; [@evv162-B75]; [@evv162-B66]; [@evv162-B23]). Here, the presence of these genes within all five plant pathogens including *C. bombacis* was revealed, whereas many genes which play key role in dimorphism were absent in the genome of *M. globosa*, in line with a previous study ([@evv162-B92]). As *M. globosa* apparently has lost pathogenicity to plants and grows only superficially, hyphal growth probably became dispensable in this organism.

Polyketide Synthases
--------------------

Fungi encode several genes involved in producing secondary metabolites ([@evv162-B95]; [@evv162-B96]; [@evv162-B17]; [@evv162-B22]; [@evv162-B92]). Type 1 PKS-encoding genes are a well-studied class of secondary-metabolite-related genes and phylogenomic studies have provided insights into the evolution of these genes in fungi and bacteria ([@evv162-B50]). So far, little is known regarding the evolution of secondary metabolite genes in Ustilaginomycotina ([@evv162-B92]). To shed light on the evolution of these genes, type 1 PKS and NRPS genes within six Ustilaginomycotina genomes were predicted and subjected to evolutionary analyses. Only PKSs from Exobasidiomycetes s.l. had additional domains in addition to the PKS-defining KS, AT, and ACP domains, reflecting either the loss of additional domains in the PKS genes of Ustilaginales or the gain of additional DH, KR, and ER domains by PKS genes of *C. bombacis* and *M. globosa* for producing reduced polyketides. The finding that only few simple PKSs are encoded by the genomes of Ustilginales is in line with the only few polyketides so far reported from this group ([@evv162-B92]; [@evv162-B11]).

It was found that the genomes of the dicot-infecting species *C. bombacis* and *Me. pennsylvanicum* were encoding for proteins which were featuring only an ER domain known from PKS genes. Further analyses suggest that the orthologs of these genes were present in other monocot pathogens (*U. maydis* and *U. hordei*) and the animal pathogen *M. globosa*, but without carrying ER domains. It could thus be speculated that the presence of these proteins with ER domains coincides with pathogenicity on dicot plant hosts, even though the function of these proteins remains enigmatic.

Orthology and Positive Selection Analyses
-----------------------------------------

The predicted set of 30 genes encoding secreted proteins in all smut genomes reflects the conservation of a core set of genes that might play an essential role for survival in the yeast stage or for infecting another organism. As functional analyses showed that the majority of these genes belongs to either peptidase, glycoside hydrolase, or thioredoxin/protein disulfide isomerase families, the larger part of these might be necessary for nutrient acquisition in the yeast stage. But at present it cannot be excluded that some of the encoded proteins also play a pivotal role during host infection.

A total of 53 genes encoding for secreted proteins were absent in *M. globosa* but present in all plant pathogens. This suggests the conservation of 53 orthologs in plant infecting Ustilaginomycotina genomes, which are probably not required for basic functioning of the yeast stage but are important for infecting plant hosts. Thus, as expected, a gene encoding for cutinase was present among the 53 orthologs. The largest group of these 53 orthologs consisted of hypothetical proteins of unknown function, followed by glycosyl hydrolase family proteins, which are depleted in the genome of *M. globosa*. A low number of glycosyl hydrolase protein family encoding genes in the genome of *M. globosa* has also been described before ([@evv162-B92]), corroborating the present depletion analysis. A total of 35% of the 53 orthologs encoding secreted proteins exclusive to the plant pathogenic Ustilaginomycotina were lacking functional annotations and probably encode for effector genes needed for basic plant pathogenicity. This set of genes might be a valuable source for future functional studies which might provide further insights into plant pathogenicity.

All 1:1 orthologous genes of the six Ustilaginomycotina genomes investigated in this study were investigated for signatures of positive selection. As reported before in fungal and oomycete pathogens ([@evv162-B76]; [@evv162-B43]; [@evv162-B78]), genes encoding secreted proteins are under higher selection pressure than genes encoding non-secreted proteins. *Melanopsichium pennsylvanicum* showed the highest percentage of positively selected genes among the Ustilaginales pathogens, possibly because of the huge host jump of this pathogen from grasses to a dicot host ([@evv162-B78]). However, *C. bombacis* had the highest proportion of PSEP-encoding genes. Functional analyses of positively selected PSEP-encoding genes of all species show that genes encoding for hypothetical proteins, serine protease, phospholipase, phosphodiesterase, and chaperone proteins are under high selection pressure, probably owing to the adaptation to the specific host environments ([supplementary file S9](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online).

PSEP-Encoding Genes
-------------------

The genome of *C. bombacis* was predicted to encode for 8,048 proteins, out of which 576 are PSEP-encoding genes. The number of protein-coding genes in the genome of *C. bombacis* is higher than the other sequenced Ustilaginomycotina genomes, and also the amount of PSEP-encoding genes is slightly higher. The comparatively low number of PSEP-encoding genes in the genome of *M. globosa* might be the result of an expansion of few gene families as an adaptation to infecting animal hosts, but a loss of most PSEP required for plant pathogenicity, such as cutinase or intracellular effectors that are targeting plant-specific defense pathways. Also *Me. pennsylvanicum* has lost several PSEP-encoding genes as a result of a host jump to a dicot host ([@evv162-B78]), and the impact of a host jump from plant to animal hosts, with the complete loss of haustoria might have resulted in an even more reduced secretome.

To unravel common patterns in oomycete and fungal pathogens with respect to pathogenicity-related genes, all six smut genomes were investigated and compared with the situation in oomycetes. The apparent absence of cutinase- and pectin esterase-encoding genes in the genome of *M. globosa* is in line with a previous study ([@evv162-B92]). Similarly the absence of these genes were observed in the genome of the oomycete animal pathogens *Sap. parasitica* and *Aphanomyces astaci* whereas these genes were present in the genomes of related plant-infecting hemibiotrophic *Phytophthora* species ([@evv162-B36]) and the obligate biotrophic species *Hyaloperonospora arabidopsidis* ([@evv162-B4]). The lack of these genes might constitute a major hurdle for the switch from animal to plant parasitism, at least in case of (hemi-)biotrophic species.

No cysteine protease inhibitor gene could be identified in the genomes of *C. bombacis* and *M. globosa*; however, these were present in all other plant pathogenic Ustilaginomycotina and have also been reported as gene families in plant pathogenic oomycetes ([@evv162-B85]), suggesting a parallel evolution of this feature. In total 21 Aspartic proteases were predicted in the genome of *M. globosa* which is the highest amount among smut genomes, which is probably and adaptation to animal pathogenicity, as also in the animal-pathogenic oomycete *Sap. parasitica*, this family is larger than in the plant pathogenic hemibiotrophic and obligate biotrophic oomycetes.

In contrast, secreted serine proteases were underrepresented in the animal pathogen *M. globosa* compared with plant pathogenic Ustilaginomycetidae. However, this was not the case for the oomycete plant and animal pathogens, probably reflecting that the depletion of such enzyme-encoding genes within the genome of *M. globosa* is not specifically associated with its presence on an animal host.

Validated Effector Conservation
-------------------------------

Secreted effectors are usually considered as fast-evolving and thus often show very low sequence conservation. However, some studies have reported the orthology of effectors across species in some pathogen groups ([@evv162-B74]; [@evv162-B78]). In this study, it was found that *Pep1* conservation ([@evv162-B18]; [@evv162-B33]) probably does not extend to the genomes of *C. bombacis* and *M. globosa*. This suggests that *Pep1* might be a synapomorphic trait for the Ustilaginales.

The *U. maydis Pit* cluster is composed of four genes, out of which two are having a secretion signal and are required for tumor formation ([@evv162-B19]). Conservation of this cluster was observed in the genomes of the four Ustilaginales genomes ([fig. 2](#evv162-F2){ref-type="fig"}*A*), whereas this gene cluster was found to be absent in the genomes of both *C. bombacis* and *M. globosa*, with the exception of the nonsecreted *Pit3* gene, which was present in all Ustilaginomycotina genomes.

The conservation of some pathogenicity-related proteins, including some PSEPs, suggests that although the majority of PSEP-encoding genes is fast-evolving and thus difficult to track across species or genera, few pathogenicity-related genes remain conserved within larger phylogenetic entities, thus probably constituting the core arsenal of pathogenicity-related proteins that are the hallmark of the evolutionary success of the corresponding pathogen groups.

Absence and Presence of Enzymes of Key Metabolic Pathways
---------------------------------------------------------

Detailed studies have been performed on the metabolic pathways in some fungal and oomycete plant and animal pathogens ([@evv162-B92]; [@evv162-B4]; [@evv162-B36]). These studies have reported the absence of genes involved in nitrite metabolism in the genome of obligate biotrophic plant pathogenic oomycetes ([@evv162-B4]; [@evv162-B43]), the oomycete fish pathogen *Sap. parasitica* ([@evv162-B36]), and the fungal obligate biotrophic plant pathogen *Melampsora laricis-populina* ([@evv162-B21]). To relate this absence of genes to the lifestyle of oomycete and fungal pathogens, the analyses in this study included oomycete hemibiotrophic plant pathogens, obligate biotrophic plant pathogens, and animal pathogens, as well as plant pathogenic fungal biotrophs, hemi-biotrophs, obligate biotrophs, and animal pathogens ([supplementary file S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1), [Supplementary](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evv162/-/DC1) Material online). These analyses revealed the absence of both nitrate reductases and nitrite reductase in both fungal and animal facultative pathogens. This is probably reflecting the abundant nitrogen source which is in the proteins of their hosts in conjunction with a specialization for the colonization of protein-rich debris in the absence of a compatible host.

Interestingly, nitrite reductase was found absent in the hemi-biotrophic pathogens of both fungi and oomycetes, which can probably dispense the energy-consuming conversion from nitrite to ammonium as they rely primarily on the acquisition of reduced nitrogen from their host plants.

Additional key enzymes for nitrite metabolism were absent in the genomes of obligate biotrophs of both fungi and oomycete pathogens. Similar to the situation in facultative animal pathogens this is probably reflecting the fact that they fully depend on the host to supply nutrients and thus do no longer require the energy-consuming pathways for reducing inorganic nitrogen.

However, all nitrite metabolism enzymes were found in the genomes of the five biotrophic plant pathogens of the Ustilaginomycotina included in this study, suggesting that these pathogens are still capable of reducing inorganic nitrogen. This is most likely due to the fact that the Ustilaginomycotina have retained a saprotrophic yeast stage, which might depend on nitrate as a nitrogen source. A recent study on the genome of *Sporisorium scitamineum* ([@evv162-B72]) showed that the sugarcane smut can use nitrate as a source of nitrogen.

The parallel loss of key enzymes for nitrogen acquisition in both oomycetes and fungi hints at common evolutionary trajectories that have shaped the genome on correlation with different lifestyles. The finding that of the organisms included in this study only obligate biotrophic oomycetes have lost the ability to use sulfate as a source of sulfur suggests that this pathway is not as easily lost, probably due to some advantage in the ability to reduce sulfur even reduced sulfur can be acquired from the hosts. As an alternative explanation, additional vital reactions might be catalyzed by the enzyme, apart from those for sulfur acquisition. Future studies on a broader set of pathogens will reveal, whether more metabolic pathways are impacted across eukaryotic kingdoms in a similar manner as nitrogen metabolism.

Overall, it was found that there are several signatures of parallel evolutions among the plant and animal pathogens of fungi and oomycetes. Thus, it can be concluded that although fungal and oomycete pathogens diverged long back, there are several common evolutionary trajectories which shaped their genomes in relation to a certain lifestyle. In addition to this, it was found that the plant pathogenic Ustilaginomycotina share a core set of PSEPs absent from the animal pathogenic *M. globosa*. This suggests that these genes might play crucial roles in plant pathogenicity, a hypothesis which can be tested in future functional studies.
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